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presents a gradation in quantity and kind of receptors, antigens, 
and other surface components [11]. The bacterium, however, is 
ini tially exposed only to the highest layers of the squamous 
epithelium, those of the fully keratinized cells. The emphasis of 
adherence studies of skin and nose should thus be placed upon 
this outermost cell type. 
Our analysis of keratinization and adherence indicates the 
existence of two kinds of receptors for S. aureus on nasal cells: 
One, becoming more numerous with the progressive develop-
ment of the granular cell type, is unaffected by staphylococcal 
teichoic acid; the other, recognized with keratinized cells only, 
is secondary, supplemental, and blocked by teich oic acid. 
Patients with atopic dermatitis may carry S. aureus for at 
least 4 mo (unpublished data), but their carriage seems to be of 
a different form than that of healthy carriers. Compared to 
normal noncarriers, adherence tallies of healthy carriers are 
elevated by 100% [5]; atopic nasal cells support 30% more 
staphylococci than controls. 
The common arithmetic increase in adherence for granular 
and keratin layer cells between atopic and normal subjects 
suggests that either a new receptor or more probably an increase 
of the primary receptor is responsible for the higher counts. 
The fact that adherence on the ecologically important keratin-
ized cells of atopics was not significantly different from that of 
such normal cells warns of the hazards in interpreting total cell 
data. The atopic granular cells, having a superior number of 
receptors than their normal counterparts, may, nonetheless, 
have a function in the nasal carriage of S. aureus perhaps by 
permitting a closer association with the deeper cells of the 
mucosa that; may be exposed with minor trauma or intensified 
desquamation. We are currently investigating the nature of the 
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primary bacterial adhesin (which may account for some 30- 35% 
of the adherence tallies on nasal keratin layer cells) as well as 
the corresponding receptors of the nasal epithelium. 
We are grateful to Charlene Bayles for her helpful technical assist-
ance. 
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Cells from 2 types of stratified squamous epithelia 
were grown to confluence in vitro. In these cultures 
highly differentiated cells were shed into the culture 
medium at a constant rate for at least 4 weeks, thus 
providing a unique system in which to study factors that 
influence desquamation. Retinoic acid (RA) decreased 
the rate of desquamation in calf esophagus epithelial cell 
(CEEC) cultures and increased the rate of desquamation 
in human foreskin epithelial cell (HFEC) cultures. Cells 
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shed from CEEC and HFEC cultures treated with RA 
were less differentiated, as assessed by their protein/ 
DNA ratio, than cells shed from control cultures. These 
data indicate that retinoic acid induces premature des-
quamation from stratified squamous epithelia. 
Cells in stratified squamous epithelia can be assigned to 1 of 
3 operationally defined compartments: proliferating cells, post-
mitotic differentiating cells, and cells which are shed into the 
matology, Yale University, New Haven, CT 06510. 
Abbreviations: 
CEEC: calf esophagus epithelial cell 
CM: complete medium 
HFEC: human foreskin epithelial cell 
PBS: phosphate buffered saline 
RA: retinoic acid 
SDS: sodium dodecyl sulfate 
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environment. Epithelial homeostasis is usually characterized by 
a steady-state in which cell division is matched by celllo$s into 
the environment so that the size of the differentiating compart-
ment (the thickness of the viable epithelium) remains constant. 
Cells in the proliferating compartment maintain a close asso-
ciation with the epithelial basement membrane or substratum. 
Cells become stratified with respect to their degree of differ-
entiation as they move progressively farther £I'om the prolifer-
ating compartment. Increasing differentiation (or distance from 
the proliferating compartment) is accompanied by accumula-
tion of increasing amounts of tonofilament and matrix protein, 
elaboration of a unique cell envelope, formation of lamellar 
bodies and loss of cellular organelles and DNA. Thus, the ratio 
of cellular protein to cellular DNA can be used as a measure of 
differentiation; the ratio increases in more highly differentiated 
(mature) cells as the result of accumulation of the structural 
proteins and/or loss of DNA. Ultimately, the most highly 
differentiat.ed cells separate from the epithelium and are shed 
into the environment by a mechanism which remains a mystery. 
The application of tissue culture techniques to the study of 
stratified squamous epithelia has been impeded by technical 
and methodologic difficulties. Many techniques for establishing 
epidermal cells (keratinocytes) in tissue culture have been 
described [1-5], but the cells have a rapidly dwindling prolif-
erative capacity after 2 to 3 weeks in culture. Rheinwald and 
Green [4], employing a feeder layer of irradiated 3T3 cells, have 
serially passaged human keratinocytes for many months, and 
have studied factors that alter keratinocyte growth. All previous 
studies of keratinocyte growth in vitro were performed on 
subconfluent cultures in which colony size and the population 
of proliferating cells were continuously increasing. Under these 
conditions, assessment of the balance between proliferation, 
differentiation and shedding is impossible . 
Vitamin A is necessary for normal growth and development 
of many epithelia (6). Excess vitamin A causes qualitative 
changes such as mucous metaplasia in organ cu ltures of embry-
onic chick epidermis [7], embryonic rat esophagus [8], and 
embryonic chick esophagus [9]; it causes quantitative changes 
such as iricreased proliferation, acanthosis, and thinning of the 
stratum corneum in adult mammalian epidermis [10). In adul t 
epidermis it is not known whether vitamin A has independent 
effects on the proliferating, differentiating and shedding com-
partments or whether its initial action on one compartment 
results in compensatory changes in the other compartments. 
We report here a new approach to the analysis of population 
dynamics in stratified squamous epithelia in vitro which takes 
into account the unique growth and shedding characteristics of 
stratified squamous epithelia. This technique may be sensitive 
to alterations in epithelial homeostasis not normally detectable 
i~ traditional tissue culture assays which measure plating effi-
ciency, colony growth or life span. The effect of retinoic acid on 
cultivated human keratinocytes and on epithelial cells from 
bovine esophagus is presented to show that the methodology is 
generally applicable to stratified squamous epithelial cells in 
vitro and to emphasize that retinoic acid has different effects 
on different stratified squamous epithelia. 
METHODS 
Cell Culture 
ALI cultUl"es were kept at 37°C in a humidified atmosphere containing 
5% CO2:95% air. Human newborn foreskin epithelial cell (HFEC) cul-
tures were initiated essentially as described by Rheinwald and Green 
[4]. The tissue was placed in complete medium (CM) consisting of 
Dulbecco's Modified Eagle's Medium, 20% fetal bovine serum (Flow or 
Gibco), 0.4 fLg/ml hydrocortisone (Sigma), 100 U/ml penicillin, 100 fLg/ 
ml s treptomycin and kept at room temperature until use (usually within 
2-3 hr) . Foreskins were washed 3 times with CA H -Mg++ -free phosphate 
buffered saline (PBS, Gibco) which contained penicil lin and strepto-
mycin. Subcutaneous tissue a nd dermis were trimmed away with i.ris 
scissors and the epithelium with the remaining dermis was .diced into 
2 x 2 mm pieces and incubated in 0.05% trypsin-0.2% EDTA (Gibco) 
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for 30 min at 37°C. Epithelium was then manually separated from 
dermis, placed in CM and gently vortexed fOJ' 30 sec. Large clumps of 
cells and epitheliu m were removed by a llowing them to adhere to the 
sides of a pipette. T he remaining cells (> 95% single cells) were sedi-
men ted by centrifugation in a table-top centrifuge, resuspended in CM 
and 2-3 x lOr. cells were added to 28 cm2 plastic dishes (Corning) which 
contained 5 x 10" lethally inadiated 3T3 cells. Medium, 5 ml of CM 
per dish, was changed twice a week. Keratinocytes were subcultmed 
after 2'll-3'h weeks by washing 3 times with Ca++-Mg++ -free PBS to 
remove any residual 3T3 cells, incubating in trypsin-EDTA for 15 min 
at 37°, and replating the single cell suspension in to 28 cm2 dishes 
conta ining lethally inadiated 3T3 cells. A single foreskin initially 
yie lded enough cells to establish 2-8 dishes. Approximately 80% of 
these cultures had enough epithelial cells to be subcu ltured (after 3 
weeks of growth) at a split ratio of 1:8 or 1:10. The 20 to 60 dishes 
derived from a single foreskin were used for experiments. 
Esophagus from 1-2-mo-old calves was transported in Ca++ -Mg++-
free PBS containing penicillin-streptomycin as above and Fungizone 
2.5 fLg/ ml. Muscularis and excess adventitia were trimmed away and 
diced pieces of tissue were incubated overn ight (12-18 hr) a t 4°C in 
0.25% trypsin. The epithelium was separated fi 'om the remaining con-
nective tissue and a single-cell suspension obtained by gently pipetting 
the epithelium in CM. Cultmes weJ'e initiated with 1-2 X lOr. epithelial 
cells in 28 em2 plastic dishes conta ining 5 x 10" lethally i.rradiated 3T3 
cells. Medium, 5 ml of CM per dish, was changed twice a week. Forty 
to sixty dishes of CEEC could be obtained from a 20 cm2 segment of 
calf esophagus. 
BALB/c 3T3 cells (American Type Cultw'e CCL 92) were grown in 
DMEM + 10% calf serum (Flow). Prior to use as a feeder layer for 
epithelial cells, the 3T3 cells were grown to conlluence in 75 cm2 plastic 
dishes and exposed to 1200 rads of x- irradiation (Siemans Stabilipan). 
Immediately a fter irradiation, cells were removed with 0.25% trypsin 
and seeded into 28 cm" dishes. These irradiated cells remained attached 
to the dish for 3-4 weeks and were used to initiate cell cu ltures one to 
seven days postirradiation. 
Light Microscopy 
Living cultures were viewed t1u'ough an inverted phase microscope 
(Nikon) and photographed with Panatomic-X ftlm (Kodak). Shed cells 
were washed 3 times with PBS, spread on a glass slide, air dried, stained 
10 min with Rhodonile Blue [ll] and photographed with Panatomic-X 
using a green fi lter. 
Electron Microscopy 
Dishes of cells were washed with PBS, fixed for 30 min in half-
strength glu teraldehyde fixative at 37°C [12], washed with cacodylate 
buffer pH 7.2 and post-fixed in 1% osmium tetroxide at 22°C for 30 
min. After dehydration through increasing concentrations of etha nol , 
the cell sheets were embedded in situ in EPON. 800 A sections cut 
perpendicular to the plane of the culture dish at a point 1 em from the 
center of the dish were mounted on formvar coated grids and stained 
with manyl acetate and lead citrate [13]. Sections were viewed in a 
Phillips 20Ic electron microscope. 
Counting Shed Cells 
Cells shed into the medium were counted in a hemocytometer 
chamber. When sheets of cells were seen, the nuclei in the sheet were 
counted . 
Coilectillg Shed and Attached Cells for Biochemical Studies 
Cells to be analyzed for protein or DNA were washed tlu'ee times 
with PBS, suspended in 0.01 M Tris pH 7.4 containing 1% sodium 
dodecyl sulfate (SDS) , 0.025 M ,B-mereaptoethanol, 0.14 M NaCI and 0.1 
mM phenylmethylsulfonyl!1uoride, sonicated 30 sec and boiled 3 min. 
Protein Determination 
Protein was assayed by a modification of the Bramhall assay [14]. 
T en to 20 microliters of cell extract was spotted on filter paper (What-
ma n #42) , heated to 80°C for 30 min in 7.5% TCA, dried, heated 15 min 
at 50°C in 1% Coomassie Blue G250 (Eastman Chemicals) in 5% acetic 
acid and washed extensively with 5% acetic acid. The absorbance of 
the dye eluted fi'om the paper by the destaining solu tion (methanol 
66%, water 32%, NH.OH 1%) was measured at 595 mn. Bovine serum 
albumin was used as a standm·d. 
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DNA Determ.inations 
DNA was measw-ed by the diaminobenzoic acid method of Kissane 
and Robbins [15] using a Farrand spectrofluorometer and calf thymus 
DNA as a standard. Thymidine incorporation into DNA was measured 
by incubating cultw-es for 2 hr in 1 ml complete medium containing 10 
fLCi"H-methyl-TdR (New England Nuclear, 2 Cilmmole). Cell sheets 
were washed 4 times with cold PBS and left for 1 hr at 4°C in 10% 
trichloroacetic ac id. The TCA pellet was washed once with ethanol and 
boiled 30 min wi th 3% perchloric acid. Aliquots of the PCA supernatant 
were mixed with Hydrofluor (National Diagnostics) and counted in a 
Packard Tri-Carb scintillation counter. 
Addition of R etinoic Acid to Cultures 
Solutions of trans-retinoic acid (gift from Dr. J . Konikoff, Hoffmann-
La Roche) were made in ethanol, filtered through a 0.22 micron fll ter 
(M illipore) and 10 fL1 of the appropriate dilu tion added to each dish . 
Control dishes received 10 fL l of ethanol. Medium was changed 3 times 
per week under subdued light and cultUJ'es were observed only prior to 
medium changes, in order to minimize photoinactivation of retinoic 
acid. 
RESULTS 
Morphology and Growth Characteristics of Calf Esophagus 
Epithelial Cell (CEEC) Cultures 
Primary cultmes of calf esophagus epithelial cells grew rap-
idly and formed a confluent, stratified sheet which covered the 
dish in 2 weeks. During the next 2 to 3 mo the appearance of 
these cul tures by phase contrast microscopy did not ch ange. 
Cells in the focal plane nearest the surface of the dish were 
small, polygonal and tightly packed (Fig 1a) . Cells farther from 
th e smface of the dish were la rger, more flattened, and had 
more distinct cell borders than those closer to the dish. Most of 
the cells shed into the m edium from these cultm es were large, 
FIG 1. P hase contrast micrographs show cul tw-es of calf esophagus 
epithelial cells (a , b) and human foreskin epithelial cells (c, d). a, 
Untreated CEEC culture photographed after focusing on cells closest 
to surface of culture dish. b, CEEC culture treated 2 weeks with 3.3 fLM 
retinoic acid. Note the large variation in cell shape. c, HFEC culture 
treated 2 weeks with 3.3 fLM retinoic acid and photographed after 
focusing on cells closest to surface of cul ture dish. d, Same as c except 
photographed after focusing on layer of squamous cells farthest from 
surface of cultUJ'e dish. Untreated HFEC cul tures looked the same as 
c and d. In most areas of a, c, and d, the cellular detail is indistinct 
because the light was scattered as it passed tlu'ough many layers of 
cells (phase contrast x 125). Bar = 100 fLm. 
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FIG 2. Cells shed from cultures of calf esophagus epithelial ceUs (a, 
b) and human foreskin epithelial cells (c, d) were spread on glass slide, 
stained and photographed. a, Untreated CEEC cultures. b, CEEC 
cultures treated for 2 weeks with 3.3 fLM retinoic acid. c, Untreated 
HFEC cultures. d, HFEC cul tmes treated for 2 weeks with 3.3 fLM 
retinoic acid (x 125). Bar = 100 jun. 
fla t and nucleated (Fig 2a) . N o colonies of fibroblasts or endo-
thelial cells were seen in these cultures and there were no 
pigmented or dendritic cells. 
Electron microscopic examination of transverse sections 
through cultm es of CEEC showed that the epithelium had 
approximately six cell layers (Fig 3a). Cells in all layers were 
fusiform in profile and contained demosomes and tonofIlaments. 
Complex fo lds in t he cytoplasmic membranes of adjacent cells 
produced striking interdigitating pj·ocesses. There were no ker-
atohyalin gr anules or lamellar bodies in th ese cells. No m ela-
nocytes, fibroblasts or endoth elial celJs were seen in any sections 
from these cultures. 
Cells were shed from CEEC cul tures at a constant rate for at 
least 2 mo (Fig 4), beginning 4 to 5 weeks after initiating the 
cultures or 2 to 3 weeks after the epithelial sheet had become 
confluen t. During this tinle there was a constant amount of 
protein and DNA in the epithelial sheets remaining attached to 
the dishes (Fig 5). 
E ffect of R etinoic Acid on CEEC Cultu.res 
Retinoic acid altered t he morphology of CEEC cultures. The 
first ch ange, seen 7-10 days after exposure to RA, was complete 
loss of the large squames normally seen by phase contrast 
microscopy above the smaller, proliferating cells. Three to five 
days later, the orderly, t ightly packed, polygonal appearance of 
the cells became disrupted as they assumed more variable 
shapes (Fig 1b). Cells shed from RA-treated cultures were 
smaller and more sph erical than the large, flat cells shed from 
contl'ol cultures (Fig 2b ). 
Retinoic acid init ially caused a small, but reproducible, in-
crease in the rate of shedding from CEEC cultures. T h is was 
followed by a dose-related, persistent decr ease in the rate of 
shedding which remained constant for several months (Fig 4). 
Two weeks after starting an experiment with CEEC cultures 
(approximately 35 days after initiating the cultures) electron 
microscopic examination of transverse sections showed that 
there had been a decrease to 2-3 cell layers in the retinoic acid-
treated cultures but no change in the number of cell layers in 
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FIG 3. E lectron micrographs show transverse sections through calf esophagus epithelial cell cultures ( a and b) and human foreskin epi thelial 
cell cultures (c and d). Treated cultures (b and d) received retinoic acid 3.3 J.lM for 2 weeks; control cul tures (a and c) were har vested at the same 
time as the treated cultures. Treated CEEC cul tUl'es have fewer ce ll layers than CEEC controls. Treated HFEC cul tUl'es have wider in tercellular 
spaces but approximately the same number of cell layers as HFEC controls (x 7,320) . Bar = 2 J.l. 
control cultures (Fig 3b). In the' RA-treated cul tmes the cells 
maintained their epithelial features of desmosomes and tonofil-
aments but the cells in the uppermost layers were less flattened. 
The amounts of protein and DNA in the epithelium attached 
to dishes of CEEC cultures decreased dming the fIrst 2 weeks 
of treatment with retinoic acid and then remained at approxi-
mately the same levels for the next 3 weeks (Fig 5). The 
protein/DNA ratios in attached and shed cells decreased during 
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the fil"st 2 weeks of treatment with RA and then remained 
constant for at least 3 weeks (T able I ). D uring this t ime the 
protein/ DNA ratios in shed and attached cells in control cul-
tures was constant. In aU cultures the protein/ D NA ratio in 
shed cells was always greater t han that in attached cells from 
similarly treated cultures. 
T hymidine incorporation into DNA in CEEC cultul"es de-
creased during t he first two weeks of treatment with RA; during 
this t ime there was no change in thymidine incorporation in 
control cul tures (Table II). 
MOI phology and Growth Characteristics of Human Foreshin 
Epithelial Cell (HFEC) Cultures 
T lu-ee weeks after initiating secondary cultures of human 
fores kin epithelial cells (HFEC), the epithelial cells formed a 
confluent, stratified sheet which covered the dish. During the 
next 4-6 weeks, th e appearance of t hese cu ltures by phase 
contrast microscopy did not change. Cells in t he focal plane 
nearest the surface of the dish were small, polygonal and tightly 
packed (Fig I e ). Cells farther from the surface of the dish at 
the interface between the epithelium and the medium were 
larger, more flattened and had more distinct cell borders than 
those closer to t he dish (Fig Id). Cells shed into the medium 
fro m these cultures were large, flat, polygonal, and had pycnotic 
nuclei. Cells cul t ivated for more than 8 or 9 weeks were larger 
than those in younger cul tures and spaces devoid of any cells 
slowly appeared on the dish. No colonies of fibroblasts or 
endothelial cells were seen in these cul tures, but melanocytes 
were always presen t. 
Electron microscopic examination of t ransverse sections 
through cultures of HFEC showed 6 to 7 cell layers after 4 
weeks and 4 to 5 layers after 6 weeks of cultivation (Fig 3c and 
d). Cells in all layers were fusiform in profile and contained 
desmosomes and tonofilaments. Cells closest to the dish were 
less fl attened than those fal·ther fro m the dish , but they did not 
have the cuboidal shape of basal cells in normal epidermis. 
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Cells farthest from the dish had thickened cytoplasmic mem-
branes (the cornified envelope) and a paucity of cellular organ-
elles. The tonofilaments, which appeared in clumps in the lower 
cell layers, were more uniformly distributed throughout the 
cytoplasm of the outermost cells. Melanocytes were occasion-
TABLE 1. Effect of retinoic acid on protein/ DNA ratios in different 
populations of cells" 
CEEC cultures HFEC cultures 
Protein/ DNA Protein/DNA 
Retinoic (I'g/ I'g) Retinoic (I'g/I'g) 
Days acid Days acid 
(I'M) Attached Shed (I'M) Attached Shed 
cells cells cells cells 
7 0 18 45 7 0 46 122 
0.33 14 49 0.33 39 117 
3.3 16 45 3.3 42 96 
35 0 17 48 21 0 57 98 
0.33 15 35 0.33 55 91 
3.3 12 23 3.3 49 84 
" Confluent calf esophagus epithelia l cell (CEEC) cultures and hu-
man foreskin epithelial cell (HFEC) cultures received ethanol or reti-
noic acid for the indicated nu mber of weeks. The epithelium attached 
to the culture dish and cells shed in to t he culture medium during a 2-
day period were hal'vested and assayed for prote in and DNA. 
TABLE II. "H· Thymidine incorporation into DNA (cpm/ dish)" 
CEEC cultures HFEC cultures 
Day 
Control Retinoic acid Control Re tinoic acid 
0 NT NT 44,840 ± 3,150 47,670 ± 2,490 
4 NT NT 23,680 ± 1,060 45,410 ± 3,170 
7 68,000 ± 3,760 65,750 ± 6, 160 13,040 ± 3,300 32,306 ± 2,330 
14 71 ,990 ± 6,090 31,730 ± 4,060 18,290 ± 1,380 18,900 ± 2,210 
" Confluent CEEC " nd HFEC cultures were incubated for 2 hI' with "H-T dR 
after receiving retinoic acid (3.3 M) or ethanol (controls) fo r the indicated number 
of days. Incorporation into DNA was determined by scin tillation cou ntin g of PCA 
soluble mate rial as described in M ethods. Each number is the mean SEM of 
t riplicate dishes. NT = Not tes ted. 
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ally seen and their cell processes intercalated between the 
keratinocytes. No fibroblasts or endothelial cells were seen in 
these transverse sections. 
Cells were shed from control HFEC cultures at a constant 
rate dur ing a three-week period beginning four weeks after 
initiating the secondary cultures (Fig 6). During this time the 
amount of protein in the epithelium remaining attached to the 
dishes reached a maximum at about 5 weeks and then remained 
constant (Fig 7b). The amount of DNA in the epithelium 
attached to the dish progressively declined after 5 weeks (Fig 
7a) . Unlike the CEEC cultures, the HFEC cultures never 
attained a prolonged steady-state. 
E ffect of Retinoic Acid on HFEC Cultures 
Retinoic acid (RA) did not alter the appearance of HFEC 
cultures examined by phase contrast microscopy. Cells shed 
from cultures treated with RA had roughly the same size and 
shape as those in control cultures (Fig 2 c, d). 
Within 1 week of adding RA to cultures of HFEC, there was 
an increase in the rate at which cells were sh ed into the medium 
(Fig 6). The increased rate of shedding in RA-treated cultures 
continued at a constant rate for at least 3 weeks. 
Two weeks after star ting an experiment with HFEC cultures 
(approximately 40 days after initiating the cultures), electron 
microscopic examination of transverse sections showed 4 to 5 
cell layers in control as well as retinoic acid-treated cultUl·es. 
This represents two-thirds of the number of cell layers present 
at the beginning of the experiment and correlates well with the 
decrease in DNA content of these cultures during that time. 
The ultrastructure of cells in control and treated cultures was 
otherwise similar to that of cultures at the beginning of an 
experiment, except that the intercellular spaces appeared to be 
wider in cultures treated with RA (Fig 3d), as previously noted 
by Barnett and Szabo [16]. 
Cul tures were analyzed weekly for the amount of pl'otein and 
DNA in the cells remaining attached to the dish . In all cultures, 
the amount of protein peaked after 30-35 days and remained 
nearly constant for the next 2 weeks. After one week of treat-
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FIG 6. Cells shed into the medium from HFEC cultures were coun ted in a hemocytometer (a) or, in a sepal'a te experiment, ana lyzed for 
protein (b) and DNA (c ). In both experiments, se ts of dishes were continuously exposed to ethanol (e), retinoic acid, 0.33 J.lM (x), or retinoic acid , 
3.3 J.lM (Il) beginning 1 week afte r these secondary cul tures had become confluent. Each jJoint in 6a is t he average number of ce lls shed per dish 
from 4 dishes coun ted individually added to the cumulative total of ceLIs shed per dish from that set of dishes during the preceding days. In 6b and 
6e cells shed from each set of dishes were pooled prior to assay for protein and DNA; each point represents t he average per d ish added to the 
lative total of protein or DNA shed per dish from that set of dishes during the preceding days. Linear regression analysis performed on each set 
of points to determine whether shedding occurred at a constant rate showed: ethanol (e) r2 = .99 for protein, r2 = .93 for DNA; retinoic acid, 0.33 
11M (x l r2 = .99 for protein, r2 = .99 for DNA; retinoic acid, 3.3 J.lM (Il) r2 = .99 for protein, r2 = .98 for DNA. Similar curves were obtained in 2 
separate experiments. 
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FIG 7. The epi thelial sheets attached to dishes of HFEC cul tures 
used in the shedding experiment shown in Fig 6b and c were harvested 
and a nalyzed for DNA (et) and protein (b). Dishes were continuously 
exposed to ethanol (e) , retinoic ac id, 0.33 IlM ( x ), or retinoic ac id 3.3 
IlM (D.) beginning 1 week a fter the cultures had become confluent. Each 
point is the average of' dup licate determinations on 2 dishes randomly 
removed from each treatment group and assayed separa te ly. 
ment with retinoic acid, the treated cultures had consistently 
less protein than the controls . (Fig 7 b) . The total DNA in 
attached cells in t.reated and control cul t lu'es decreased equally 
tluoughout the course of a n experiment (Fig 7a). 
Thymidine incorporation into DNA decreased in all HFEC 
cultures during the fiJ'st 2 weeks of an experiment (Table II) . 
The reduction in thymidine incorporation occuned more slowly 
in RA-tl'eated cul tures than in controls. 
The protein/ DNA ratio in shed cells was 2-3 times larger 
than that in attached cells (Table I). The ratio in shed cells in 
all cultures decreased during the course of an experiment and 
was lower for .retinoic acid-treated cells than control cells. T he 
protein/ DNA ratio in cells attached to the dish increased in all 
cul tures during the course of an experiment and was consist-
ently lower in retinoic acid-treated cultures tha n in control 
cul tures. 
DISCUSSION 
Previously reported effects of vitamin A on keratinocyte 
growth in culture are perplexing and sometimes contradictory. 
Christophel's and Wolff [1] reported t hat retinoic acid (33 J.l.M) 
stimulated thymidine incorporation during the first 3 days after 
initiating cultures of mouse keratinocytes. Karasek [2] found 
t hat the effect of retinoic acid on keratinocyte outgrowth fTom 
explants of hu man skin depended on the dose: high concentra-
t ions (33 J.l.M) inhibited outgrowth, lower doses (.33-33 J.l.M) 
s timulated outgrowth. Yuspa et al [17] found that high doses of 
retinyl acetate (36 IlM) inhibited :JH-thymidine incorporation 
into mouse keratinocytes and extended the life span. Rheinwald 
a nd Green [4] reported no effect of vitamin A on growth of 
human keratinocytes. 
We began our studies with the intention of r esolving t hese 
differences. After preliminaI'y studies in which we examined the 
effect of retinoic acid on colony size and cell number, it was 
apparent that we would not be able to assess quantitative 
changes in growth or differentiation in a system in which some 
cells were proli fera ting, some were differentiating and becoming 
stra tified, a nd some were migrating laterally on the surface of 
the dish . 
We, therefore, sough t to simpljfy the analysis by starting with 
a system that was in a steady-state, and which, in terms of 
overall population dynamics, resembled a stratified squamous 
epithelium in vivo. The goal was to obtain an epithelium with 
a constant number of cells, in which proliferation was balanced 
by the shedding of djfferentiated squames into the medium, 
and in which lateral migration of the epithelium would not 
complicate our analysis. 
Cul tures of epithelial cells derived from calf esophagus 
reached a steady-state after approximately 4 weeks of growth. 
During the next 3 to 4 weeks the epithelium attached to the 
dish in control CEEC cul tures maintained a constant number 
of cell layers, a constant a mount of protein and DNA and a 
fixed protein/ DNA ratio. Cells were shed from these cultW'es 
during this period at a constant rate and had a fixed protein/ 
DNA ratio t hat was considerably greater than the protein/ 
DNA ratio for the attached cells. 
CEEC cultures treated with re tinoic acid had fewer cell layers 
attached to the dish compared to controls. Retinoic acid ini t ially 
caused an increase in the rate at which cells were shed into t he 
medium, but after several weeks of treatment with RA, cells 
were shed in to the medium at a lower rate and had a lower 
protein/ DNA ratio than cells shed from control cul tm es. Lower 
concentrations (.033- 3.3 J.l.M) of retinoic acid added to CEEC 
cultures before they had reached a steady-state prevented the 
epithelium from reaching t he steady-state thickness (amount 
of protein oj' D NA) of control cul tmes. Nonetheless, after 
several weeks these cultures attained a different steady-state in 
whjch the epithelial thjckness, the protein/ DNA ratio for at-
tached and shed cells, and the rate of cell desquamation into 
the medium were constant but lower than in control cultures. 
Higher concentrations (3.3-33 J.l.M) ofRA caused an even greater 
r eduction in thickness, protein/ DNA ratio and rate of desqua-
mation but, after two weeks of treatment, appeared to resul t in 
a new steady-state. 
These data indicate that retinoic acid causes premature des-
quamation of cells from stratified CEEC cul tlll'es. "Premature" 
means that cells shed from RA-treated cul tures are physically 
smaller a nd have a lower protein/ DNA ratio than cells shed 
from control cultures. Premature desquamation also implies a 
lack of coordination in the program of termjnal differentiation: 
regulation of t he loss of DNA and accumulation of structural 
proteins must be independent of the regulation of events which 
culminate in desquamation. Otherwise, premature desqua ma-
tion, as we have defin ed it, could not occm·. 
P remature desquamation could account for all t he quantita-
tive changes in RA-treated CEEC cul tures except for the late 
and persistent decrease in the rate of shedding. This late effect 
could be explained by a secondary action of retinoic acid on 
proliferat ion, as fo llows: RA-induced, prematlU'e desquamation 
from a fully stratified epithelium initially causes an increased 
ra te of desquamation from CEEC cultmes that results in a 
progressive decrease in the thickness of the epithelium. After 2 
weeks of treatment with RA, the rate of desquamation and the 
thickness of the epithelium remain constant for several weeks, 
but are lower than in control culture. Constant, but reduced, 
desquamation coupled with constant, but reduced, epithelial 
thickness can occur together only if total proliferative activity 
is lower in RA-treated cultures than in controls. This prediction 
is supported by the thymidine incorporation data in Table II. 
Further experiments will be necessary to determine whether 
the decreased thymidine incorporation represents a decrease in 
the size of the population of proliferating cells or in the rate of 
prolifera t ion. 
The HFEC cllitmes never attained a prolonged steady-state. 
Changes in epithelial thickness and in the protein/ DNA ratios 
of attached and shed cells suggest that changes in proliferation, 
as well as differentia tion, occuJ'l'ed in control HFEC cul tures. A 
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steadily decreasing proliferative capacity in aging HFEC cul-
tures, as demonstrated in Table II and similar to that observed 
in other keratinocyte cultures [3,17], could account for the 
decreasing thickness of the epithelium and the increasing pro-
tein/DNA ratio. This ratio is an average value for cells at 
different stages of differentiation in the epithelium, conse-
quently, decreased proliferation would result in the addition of 
fewer immature cells to the epithelium and an increase in the 
average protein/DNA ratio. Cells shed from older HFEC cul-
tures have a lower protein/DNA ratio than cells shed from 
younger cultures. This may indicate an alteration in the control 
of desquamation in aging cultures. 
Regardless of the explanation for the changes which occur in 
the control cultures, the hypothesis that retinoic acid causes 
premature desquamation in HFEC cultures accounts for nearly 
all the differences between control and RA-treated cultures. 
Thus, cells shed from RA-treated cultures have a lower protein/ 
DNA ratio than cells shed from control cultures and the epi-
thelium attached to the dish in RA-treated cultures is less 
mature (has a lower protein/DNA ratio) than the epithelium 
in control cultures. The fact that RA increases the rate of 
desquamation without changing the thickness of the epithelium 
suggests that it also acts to increase, or inhibit the decrease in, 
the rate of proliferation. The thymidine incorporation data in 
Table II indicate that RA inhibits the decrease in proliferation 
in HFEC cultures. Further experiments will be necessary to 
determine whether changes in desquamation precede or follow 
changes in proliferation. 
It is generally accepted that vitamin A stimulates desqua-
mation, but prior to the present study there has been no 
quantitative analysis of this effect. Vitamin A mediates glycosyl 
transfer reactions [18]. It alters the morphology and adhesive-
ness of cells in which it causes changes in glycoproteins and 
glycolipids [19-21]. It alters the lectin binding characteristics of 
human stratum corneum cells [22] and increases glucosamine 
incorporation into glycosaminoglycans associated with the sur-
face of cells in. pig epidermis [23]. The hypothesis that the 
therapeutic action of RA is the result of enhanced desquama-
tion that occurs via alterations in carbohydrate-containing mac-
romolecules associated with the membranes of the most highly 
differentiated cells in stratified squamous epithelia warrants 
further consideration. The culture system we have described 
should provide a suitable model in which to test this hypothesis. 
The inability to maintain human keratinocyte cultures in a 
steady-state, in contrast to calf esophageal epithelial cell cul-
tures, is unexplained but may be a reflection of inherent differ-
ences in the cell types, differences between primary and sec-
ondary cultures or the choice of a medium which is more 
suitable for the growth of the calf cells. Recent improvements 
in medium used for cultivating human keratinocytes [24] may 
permit a better approxImation of the steady-state. 
We thank Andrea Tomanik, Gary Lyons, Andrea Olsen, and Erik 
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the manuscript. 
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